Polymyxin B nonapeptide, a polymyxin B derivative which lacks the fatty acyl part and the bactericidal activity of polymyxin, was shown to sensitize smooth encapsulated Escherichia coli (018:K1) and smooth Salmonella typhimurium to hydrophobic antibiotics (novobiocin, fusidic acid, erythromycin, clindamycin, nafcillin, and cloxacillin). The polymyxin B nonapeptide-treated bacteria were as sensitive to these antibiotics as are deep rough mutahts. A lysine polymer with 20 lysine residues (lysine2o) had a largely similar effect. Larger lysine polymers and the protamine salmine were bactericidal but, at sublethal concentrations, sensitized the strains to the antibiotics mentioned above, whereas lysine4, streptomycin, cytochrome c, lysozyme, and the polyamines cadaverine, spermidine, and spermine had neither bactericidal nor sensitizing activity.
Gram-negative bacteria have an exceptionally efficient barrier against many external influences: the outer membrane (OM), a unique structure located outside the peptidoglycan. This membrane makes gram-negative bacteria resistant to host defense factors, such as lysozyme, which are toxic to gram-positive bacteria. In gram-negative bacteria that live in the gut, the OM is an eflctive barrier, also giving protection from bile and digestive enzymes (17, Z1) . At the same time, their OM excludes many antibiotics (e.g., erythromycin, lincomycin, clindamycin, novobiocin, fusidic acid, nafcillin, and cloxacillini) (10, 21) and reduces the penetration of several others (especially penicillin, ampicillin, carbenicillin, and most cephalosporins) (21, 24, 29, 39) . The well-known difficulty of treating gram-negative infections is partially due to the permeability barrier properties of the OM, suggesting the possibility of making the bacteria sensitive to many more antibiotics by disorganizing their OM. But is this disorganizing possible? Polymyxin, a polycationic amphipathic antibiotic, is bactericidal to gram-negative bacteria by virtue of a ddal mechanism of action: it disorganizes and penetrates the OM to reach its final bactericidal target, the cytoplasmic membrane (28, 31 ). Another OM-disorganizing agent is EDTA (reviewed by Leive in reference 16). UJnfortunately, both polymyxin and EDTA are also toxic to eucaryotic cells and therefore do not seem useful as therapeutic agents.
Chihara et al. (5, 6) have previously shown that the removal of the fatty acid tail from polymyxin significantly reduces its toxicity to eucaryotes; however, the antibacterial activity of the drug is lost at the same time. Could typhimurium and E. coli strains were used. The S. typhimurium strain was SL6% (metA22 trpB2 Hi-b H2-e,n,xfla-66 rpsL120) (38) (H) Purification. The solution was acidified with 50 ,ul of 1 N HCI, washed twice with 2.5 ml of n-butanol, ANTIMICROB. AGENTS CHEMOTHER. and then alkalified with 150 ,ul of 1 N NaOH and again washed twice with 2.5 ml of n-butanol. A 2.6-ml amount of the solution was then mixed with a suspension of 44 ml of CM-Sephadex C 50 (0.25 g/100 ml of deionized water; Pharmacia Fine Chemicals AB, Uppsala, Sweden), incubated at 37°C for 5 min with shaking, centrifuged (1,000 x g, 10 min), and washed with 20 ml of deionized water. PMBN was eluted from the Sephadex beads by two lots of 20 ml of 10%o pyridine-109o acetic acid in water, lyophilized, dissolved in deionized water, and stored at -20°C.
(ill) Yield and purity. The PMBN concentration was calculated from the amount offree amino groups found in an amino group determination with a molecular weight of 950. Polymyxin B sulfate was used as a control. The yield was 63%. The aqueous solution of PMBN preparation (1 mg/ml) was neutral (pH 7).
For purity analysis, the preparation was run in thinlayer chromatography with cellulose-coated aluminium foil (E. Merck AG, Darmstadt, West Germany) and the solvent system n-butanol-pyridine-acetic acid-water ( Antibiotics. The following antibiotics were used: novobiocin (sodium salt), Sigma; fusidic acid (sodium salt), Lovens Kemiske Fabrik, Copenhagen, Denmark; erythromycin ethylsuccinate, Orion, Helsinki, Pinland; clindamycin hydrochloride, The Upjohn Co., Kalamazoo, Mich.; nafcillin (sodium salt), Wyeth Laboratories, Philadelphia, Pa.; cloxacillin (sodium salt), Astra, S6dertilje, Sweden; and benzylpenicillin (sodium salt), Novo Industri, Copenhagen, Denmark. The stock solution of erythromycin was prepared by dissolving 5.5 mg of erythromycin ethylsuccinate with 2 ml of 96% ethanol, after which deionized water was added to a final volume of 5.5 ml. Other antibiotics were readily dissolved in deionized water.
RESULTS
We have previously shown that salmine (the protamine isolated from salmon sperm) and polylysine, as well as polymyxin, sensitize the rough Rb2-type S. typhimurium strain to deoxycholate (33) . In the present study, a larger selection of different polycationic agents was included: polyamines with 2 (cadaverine), 3 arginine residues) and a hydrolysate of it (fragments with only 4 to 6 arginines) (1). Polymyxin B was used as a reference compound. In addition, we prepared PMBN (Fig. 1) . Purity analyses showed that the PMBN preparation contained no detectable amounts of polymyxin B (polymyxin B content, <0.25%).
As (2, 7) . These antibiotics were therefore used to probe the effect of the cationic agents on outer membrane permeability.
PMBN, which did not have any intrinsic antibacterial action, sensitized smooth S. typhimurium to novobiocin by a factor of -100 (Table 2) . Lysine20 gave similar results (.1,00-fold increase in sensitivity). Subinhibitory concentrations (0.3 to 1.0 ,ug/ml) of protamine and lysine5O were also effective in sensitization (.100-fold increase in sensitivity to novobiocin), whereas lysine4, all the tested polyamines, lysozyme, cytochrome c, and the protamine fragments did not sensitize The results obtained when fusidic acid was used as, a probe were very similar (Table 3) . Again, P?4BN and lysuie20 increased the OM piermeability. A slight sensitization was also caused by polymyxin B. Lysine4, the polyamines, lysozyme, and streptomycin were inac- (28) , these inclde-protamine (14, 33) polylysine (3, 14, 33) , hiatones (14) , and the cationic polypeptides is Ied from polymorphonuclear leukocytes (19, 37) . A pun- fied ,-lysin-like peptide of normal rabbit serum (mw, -1,800; four basic amino acids) is bactericidal to both gram-positive and -negative bacteria (4) . Recently, two basic bactericidal peptides (mw, -7,000; 13 to 14 basic amino acids) have been isolated from hemolymph of the pupae of giant silk moths vaccinated with enteric bacteria (15) .
Previous reports on OM permeability increase by polycationic agents other than the antibiotic polymyXin, however, are scarce. We have previously shown that protamine and polylysine, as well as polymyxin, sensitize a rough (Rb2) strain of S. typhimurium to deoxycholate (33) . Furthermore, the cationic leukocyte protein BP (mw, -50,000; 15% basic amino acids) has been shown to increase the sensitivity of E. coli and S. typhimurium to actinomycin (37) . Interestingly, rough mutants were significantly more sensitive to this effect than smooth strains.
In the present paper, we have shown t-hat low concentrations (0.3 ,ug/ml) of various polycationic agents sensitize smooth enteric bacteria to antibiotics such as novobiocin, fusidic acid, erythromycin, clindamycin, nafcillin, cloxacillin, and penicillin. In fact, the polycations made the smooth strains as sensitive to antibiotics as is the deep rough Re strain of S. typhimurium, which has a very abnormal OM (21) . These polycationic agents included protamine (mw, -4,000; 21 arginine residues) and lysine5o-HBr (mw, -10,000; 50 free NH2 groups), which are growth inhibitory or bactericidal at higher concentrations (3 to 10-gu/m%), and PMBN (mw, -950; 5 free NH2 groups) and lysine20-Hbr (mw, -4,000; 20 free NH2 groups), which have lower or no antibacterial activities of their own. It is likely that the permeability-increasing action of polycations is due to their strong binding to the acidic core and lipid A part of lipopolysaccharide (26, 35) , which disorganizes the OM, as discussed in the accompanying paper (34) .
In the assay system used, sublethal concentrations (s0.3 ,ug/ml) of polymyxin caused only slight sensitization to antibiotics. We suggest that the permeability-increasing action of poly- 24, 1983 on October 18, 2017 by guest http://aac.asm.org/ Downloaded from myxin is masked by its direct bactericidal action. However, it is also possible that low concentrations of polymyxin were inactivated by absorption onto the walls of the wells in the plastic microtitration plates (32, 36) . Cationic agents possessing two (cadaverine) three (spermidine, streptomycin), or four (spermine, lysine4) net basic charges were totally inactive as both OM permeability increasing agents and antibacterial agents, although the polyamines, streptomycin, and lysine4 interact with isolated lipopolysaccharide (9; M. Vaara and T. Vaara, unpublished data) and streptomycin has been shown to increase the permeability of Pseudomonas aeruginosa OM to lysozyme (13) . Apparently, an interaction with lipopolysaccharide is not sufficient to increase OM permeability. In fact, cations possessing only a few basic charges could stabilize the OM and decrease its permeability, as do the divalent cations Mg2' and Ca2+ (20, 22, 27) . Spermine, spermidine, and streptomycin have been described to stabilize lysozyme-induced E. coli spheroplasts against lysis in water, although the molecular mechanism of this stabilization is not known (30) . The basic proteins cytochrome c (mw, 12,000; 20%o basic amino acids) and egg white lysozyme (mw, 14,000; 13% basic amino acids) have also been reported to interact with lipopolysaccharide (8, 11) . They did not, however, increase the permeability of the OM (Table 2 and 3). This might be explained by a lower content of basic amino acids in these proteins than in protamine, polylysines, and PMBN. Furthermore, protamine fragments with only four to six arginine residues did not have any permeability-increasing activity, although PMBN, with only five amino groups, was active.
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